Since 1999, the Township of Millburn has required dry wells to accommodate additional flows from newly developed areas in order to mitigate local drainage and water quality problems. The primary objective of this USEPA funded project was to investigate the effectiveness of the Township of Millburn's use of on-site dry wells to limit stormwater flows into the local drainage system. This objective was achieved by collecting and monitoring the performance of dry wells during both short and long periods. The water quality beneath dry wells and in a storage cistern was also monitored during ten rain events. There were varying levels of dry well performance in the area, but most were able to completely drain within a few days. However, several had extended periods of standing water that may have been associated with high water tables, poorly draining soils (or partially clogged soils), or detrimental effects from snowmelt on the clays in the soils. The infiltration rates all met the infiltration rate criterion of the state guidelines for stormwater discharges to dry wells, but not the state regulations that allow only roof runoff to be discharged to dry wells and those that prohibit dry well use in areas of shallow water tables. Overall, most of the Millburn dry wells worked well in infiltrating runoff. The findings reported in this paper indicate that the dry wells did not significantly change any of the water quality concentrations of the effluent water compared to the influent water. The cistern system did result in significant reductions in bacteria levels. Although the dry wells provided no significant improvements in water quality for constituents of interest in the infiltrating water, they resulted in reduced mass discharges of flows and pollutants to surface waters and reduced runoff energy, a major cause of local erosion problems.
Description of Millburn and its Dry Wells
Millburn Township, in Essex County New Jersey, is located near New York City, and is <10 miles (16 km) from Newark International Airport. The 2010 United States census indicated the township had a population of 20 149. Housing costs are very high (according to Wikipedia, Millburn had the highest annual property tax bills in New Jersey in 2009, on average >$19 000 per year, compared to the statewide average property tax of $7 300 which was the highest statewide average in the country). There are about 5 900 detached homes in the township and about 1 500 have dry wells.
In 1999, the Township of Millburn created an ordinance that required increased runoff from new impervious areas to be directed into seepage pits (dry wells). The purpose of our project was to investigate the effectiveness of this ordinance; specifically to examine the use of dry wells as a technique to redirect surface runoff to local shallow groundwater. The objective of this practice is to reduce the local drainage and erosion problems associated with new development and the increase in impervious areas of currently developed areas. The slower release of the shallow groundwater to surface streams also better simulates natural hydrologic patterns with a reduction of in-stream problems associated with increased rapid surface runoff. The township has a stable population and there is little vacant land; all new construction within the community occurs on previously developed plots.
The Millburn Township stormwater regulations (in their Development Regulations) list dry wells as one option for minimizing increased flows associated with new (and increased) development. They do not include any specific criteria for their use, except for a statement pertaining to a 60 cm (2 ft) blanket of crushed stone surrounding the dry well. Specifically, they do not describe applicable soil characteristics, groundwater conditions or suitable source waters. The New Jersey stormwater regulations (NJDEP 2011) also require the infiltration of excess water above natural conditions associated with development or land modifications (either maintaining the pre-development groundwater recharge or preventing excess surface runoff ). The state dry well regulations describe the construction of the dry wells, the acceptable soil conditions (NRCS hydrologic soil groups, HSG, A and B), groundwater conditions (at least 60 cm, 2 ft, above the seasonal water table) and source waters (roof runoff only).
A dry well is a subsurface infiltration stormwater disposal practice that receives stormwater runoff from surrounding areas for subsurface disposal to shallow groundwater. Most of the dry wells in Millburn are precast concrete structures (Figure 1) , with open bottoms resting on 0.6 m (2 ft) crushed stone layers and with 0.6 m (2 ft) crushed stone surrounding the dry wells. Most of the dry wells receive water directly from roof drain leaders or by storm drain inlets located in driveways or small parking lots. Some also have grated covers and receive surface runoff from the surrounding lawn or paved areas. 
Methodology

Infiltration Tests at Millburn Dry Well Installations
Infiltration tests were conducted during two project phases. The first phase filled the dry wells with domestic water from township fire hydrants and the decreasing water levels were recorded. The second phase used continuous water level monitoring in a smaller number of dry wells during many rains. The infiltration measurements were conducted using continuous recording (10 min observations) LeveLoggers by Solintest that were installed in the dry wells. In this study the short term tests were collected from eleven dry wells throughout the township to measure the influence of some of the conditions present in the community. The long term tests were conducted in fewer dry wells (based on the number of LeveLoggers available). These were installed for several months to over a year at each monitored location, and continuously recorded the water levels in the dry wells every 10 min during and between rains. Nearby rain gauges were also used to record local rains associated with these events. These rain and water level data were downloaded by PARS Environmental personnel and uploaded to their website where University of Alabama researchers downloaded the data for analysis.
The first step in the data analyses of the long term tests was to plot the data as time series. The infiltration characteristics of the dry well installations were calculated from the recession curves of these individual rain events. The infiltration rates for each 10 min step were calculated based on the drop in water level per time increment, resulting in infiltration rate plots of in./h vs time since the peak water level. These are classical infiltration rate plots and statistical analyses were used to calculate infiltration rate equation parameters for two common infiltration equations (Horton and Green-Ampt) .
Groundwater recharge is a suitable beneficial use of stormwater in many areas as it is used to augment local groundwater resources. This study showed how the dry wells could be very effective in delivering the stormwater to the groundwater. Even though the surface soils were almost all marginal for infiltration options, the relatively shallow dry wells were constructed into subsurface soil layers that had much greater infiltration potentials. However, some of the monitored dry well locations experienced seasonal high groundwater elevations, restricting the complete draining of the dry wells after rains. While surface and subsurface soil information is readily available for the township, the presence of the shallow water table (or bedrock) is not well known. This makes identifying the most suitable locations for dry wells difficult, as the seasonal groundwater should be at least 4 m (12 ft) below the ground surface, or 0.60 m (2 ft) below the lowest gravel fill layer beneath the dry well (the depth is accounted for by: 2 ft, 0.61 m, of surface cover; 6 ft, 1.8 m, dry well concrete structure; 2 ft, 0.61 m, lower gravel layer; and 2 ft, 0.61 m, of separation above the high seasonal groundwater depth).
Calculating the benefits of the dry wells (including developing sizing requirements) requires the use of an appropriate infiltration equation, preferably as part of a continuous model examining many years of rainfall data for a specific area. Two commonly used infiltration equations (Horton and Green-Ampt) were evaluated for their potential use to calculate groundwater recharge at the case study locations in Millburn.
One of the most commonly used infiltration equations was developed by Horton (1940) . The equation is: ). This equation assumes that the rainfall intensity is greater than the infiltration capacity at all times and that the infiltration rate decreases with time (Bedient and Huber 1992) . This is a reasonable assumption for ponded conditions, such as in the dry wells. The capacity of the soil to hold additional water decreases as the time of the storm increases because the pores in the soil become saturated with water. The Horton equation's major drawback is that it does not consider the soil water storage availability after varying amounts of infiltration have occurred, but only considers infiltration as a function of time (Akan 1993) . However, integrated forms of the equation can be used that do consider the amount of water added to the soil. It is recommended that f c , f o , and k all be obtained through field data, but they are rarely measured locally.
Another common equation for infiltration calculations is by Green and Ampt. The Green-Ampt equation calculates cumulative infiltration as the water flows into a vertical soil profile (Green and Ampt 1911) .
where f t = infiltration rate, cm/h, ψ = initial matric potential of the soil (in.), ∆θ = difference of soil water content after infiltration with initial water content (in.
3 /in.
3 ), K = hydraulic conductivity (in./h); and F t = cumulative infiltration at time t (in.). This equation requires a linear relationship between f t and (1/F t ).
Water Quality Samplings
Water samples were collected at three dry wells and at one cistern during ten rains. The samples were analyzed for nutrients and heavy metals, and selected samples were also tested for pesticides and herbicides. For the dry wells, the samples were collected directly below the dry wells for comparison to water samples collected at least 0.6 m (2 ft) below the 0.6 m (2 ft) gravel layer beneath the dry wells, for a total subsurface flow path of at least 1.2 m (4 ft) through the crushed stone and subsurface soil (more than the minimum 2 ft, 0.6 m, separation to the groundwater table as required by the New Jersey stormwater infiltration regulations). For the cistern, the samples were collected at the inlet of the cistern for comparison to samples collected from inside the cistern near the outlet. Various statistical tests were used to compare the water quality from the inlet to the outlet locations to detect any significant differences due to operation of the dry wells.
Results and Discussions
Fitted Infiltration Equations Results for Millburn Dry Well Infiltration Measurements
The initial infiltration data analysis was to prepare plots of the observed infiltration data in order to evaluate major trends and groupings of the data. Observed data included the water stage in dry wells at 10 min intervals. The differential values of water stages in a dry well for each event were divided by the time to calculate the infiltration rates as a function of time. Data from each site for each event or infiltration test was fitted to the Horton infiltration equation and the equation parameters were derived for f o , the initial infiltration capacity, f c , the constant infiltration capacity as t approaches infinity, and k, a soil parameter that controls the rate of decrease of infiltration rate. For some of the sites, the Horton equation could not be fitted to the observed data, as little water level change occurred with time. This typically occurred for narrow ranges of the dry well water depth such as when standing water occurred due to shallow water tables. For these conditions, the observed rates most likely corresponded to the f c values, the saturated infiltration rate (f o and k were not calculated). Basic statistical analyses, including average, minimum, maximum, standard deviation, and COV are included in the full USEPA report (Pitt and Talebi 2012) for all the data, as well as ANOVA test and residual plots for some of the fitted Horton equations in comparison to the Green-Ampt equation. Figure 3 shows the observed infiltration rates and the fitted Horton equation parameter values for the dry well located at 7 Fox Hill Lane, Millburn, New Jersey for an example rain event.
Graphs are for an actual rain event representing observed data, fitted Horton equations, rain depths, and the water stage in the dry well. Multiple iterations of grouped box and whisker plots and ANOVA tests were used to identify data groupings. The data were not normally distributed so ANOVA based on ranks and MannWhitney rank sum nonparametric tests were used to calculate the significance that the data did not originate from the same populations.
There were two distinct sets for the f c data: the 258 Main
Street location vs all of the other sites combined. Figure 4 shows these two data sets.
The results of the final Mann-Whitney rank sum test for f c are shown in Table 1 . Mann-Whitney U Statistic= 0.000; T = 249.000; n (small) = 3; n (big) = 81; P = 0.004.
The difference in the median values between the two groups is greater than would be expected by chance; there is a statistically significant difference, with P = 0.004. Tables 2 and 3 summarize the values and test conditions for these two sets of data. Similar tests were conducted to identify significant groups for the f o data. Figure 5 is the final box and whisker plot, showing the two data groups: 258 Main Street, and 8 South Beechcroft vs all the data combined. The values are summarized in Table 4 . Mann-Whitney U Statistic= 0.000; T = 329.000; n (small) = 7; n (big) = 43; P = <0.001.
The difference in the median values between the two groups is greater than would be expected by chance; there is a statistically significant difference: P < 0.001. Tables 5 and 6 summarize the values and test conditions for these two sets of data.
Similar tests were conducted to identify significant groups for the k data. Figure 6 is the final box and whisker plot, showing the two data groups: 258 Main Street vs all the other data combined. The values are given in Table 7 . Mann-Whitney U Statistic= 1.000; T = 143.000; n (small) = 3; n (big) = 46; P = 0.005.
The difference in the median values between the two groups is greater than would be expected by chance; there is a statistically significant difference, with P = 0.005. Tables 8 and 9 summarize the values and test conditions for these two sets of data.
The Green-Ampt equation calculates cumulative infiltration assuming water flowing into a vertical soil profile. The results show that for most of the sites in this study, the Horton equation had a better fit to the data compared to the Green-Ampt equation for the Millburn data. However, for one site, the Green-Ampt equation provided a better fit. As noted previously, a linear relationship between f t and (1/F t ) is needed to determine the Green-Ampt equation parameters. The only visually acceptable linear regression is associated with the observations from the 258 Main Street site (the only location that had soils in the A group from the surface to about 1.1 m, 3.5 ft, deep). In almost all cases, the linear relationship between f t and (1/F t ) is unacceptable (except for this one location), making the Horton equation a more suitable tool for calculating expected infiltration for the dry wells.
Factors Affecting Infiltration Rates
The analyses of the infiltration data resulted in several interesting conclusions. One of the first issues noted by the field personnel when installing the water level recorders and observing the dry wells over time was that some of the locations experienced periodic (or continuous) long term standing water in the dry wells, indicating seasonal or permanent high water table conditions, or partially clogged dry wells. Table 10 summarizes the dry well performance conditions observed during the monitoring program, including the length of monitoring, hydrograph behavior, and the presence of standing water (and the percentage of time when the dry well was dry).
In almost all cases, the general shapes of the recession limbs (water elevation drops with infiltration) are similar for all observations at the same site, including the hydrant tests. However, some changed with time, including several that indicated slower infiltration with more standing water conditions in the winter and spring. This may be due to SAR (sodium adsorption ratio) issues that result in dispersed clays from the high sodium content of snowmelt. Normally, snowmelt would not affect these units if only roof runoff is directed to the dry wells. However, if walkway or driveway runoff drains to dry wells, de-icing salts may be in the snowmelt, increasing the SAR and decreasing the infiltration rates.
Standing water was observed in the dry well at 87/89 Tennyson Drive when sufficient time occurred to allow the water to reach a consistent minimum water level (about 0.9 m, 3 ft, deep). It is expected that this site very likely has a shallow water table condition. The drainage rates were very slow, so the interevent periods were not sufficiently long to enable drainage to the stable water level until after about a 2 week dry period. The slow drainage rate may have been caused by saturated conditions associated with groundwater mounding. Several sites (260 Hartshorn Drive, 7 Fox Hill Place and 142 Fairfield Drive) experienced periodic slowly draining conditions, mainly in the spring, that could have been associated with SAR problems. The slow infiltration rates could be due to poor soils (with the clays resulting in SAR problems), or saturated soil conditions. The other sites all had rapid drainage rates that were consistent with time.
Another obvious factor affecting the observed infiltration rates was that one or two of the locations had significantly higher infiltration rates than the other sites (all having no standing water issues). These sites were the ones indicated as having the highest surface infiltration rate potentials (even though the infiltration rates of the dry wells were mostly affected by the subsurface soil conditions, which were mapped as being similar A and B conditions for all locations). It is therefore expected that these locations had better subsurface soil conditions compared to the other sites, even though mapped as being similar.
The Township of Millburn infiltration rate characteristics were therefore separated into three conditions: · A and B surface soils and having well drained A subsurface soils; · C and D surface soils and having well drained A and B subsurface soils; and · C and D surface soils and having poorly drained A and B subsurface soils with long-term standing water. Table 11 compares the observed Horton equation coefficients for the sites having well drained subsurface soils with equation coefficients that have been reported in the literature. The standing water data are not used in these calculations as most of the observations could not be successfully fitted to the Horton equation. The almost steady infiltration rates (but with substantial variation) were all very low for those conditions and only re The very large observed f o value (45 in./h, 1130 mm/h) for the A and B surface soil sites that are well drained is greater than any of the reported literature values, and only approaches the observations for the non-compacted sandy soil conditions (34 in./h, 860 mm/h) observed by Pitt et al. (1999) . The subsurface soil conditions affecting the dry well infiltration rates are likely natural with little compaction. Also, the subsurface soils at that location are noted as being sandy loam (A) and stratified gravelly sand to sand to loamy sand (A). The other sites having smaller f o rates (4.3 in./h, 110 mm/h) are described as gravelly sandy loam (A) and fine sandy loam (B) and are similar to many of the reported literature values for sandy soils, with some compaction. present the f c values. The large f c value (5.6 in./h, 140 mm/h) observed for the well drained A and B surface soil location is bracketed by the non-compacted clayey and sandy soil conditions (3in./h, 80 mm/h, and 15 in./h, 380 mm/h) reported by Pitt et al. (1999) , but is substantially larger than the other reported values. The f c In order to most accurately design dry well installations in an area, site observations of the expected infiltration rates should be used instead of general literature values. This is especially true for surface infiltration devices (such as rain gardens), where compaction due to construction activities and general urban use will have a much greater effect than on the deeper subsurface soils. Also, all of the sites in this study had improved infiltration characteristics with depth compared to expected surface conditions; in other cases, this may not be true. Criteria based only on surface soil conditions are likely not good predictors of deeper dry well performance. Luckily, county soil surveys do have some subsurface soil information that was found to be generally accurate during this study. Unfortunately, shallow water table conditions are not well known for the area and that characteristic can have a significant detrimental effect on observed dry well performance.
Water Quality Observations
The samples were analyzed in laboratories of the University of Alabama for bacteria (total coliforms and E. coli), total nitrogen (TN), nitrate plus nitrite (NO 3 plus NO 2 ), total phosphorus (TP), and chemical oxygen demand (COD). Lead, copper and zinc were analyzed at a commercial laboratory (Stillbrook Environmental Testing Laboratory in Fairfield, Alabama).
A number of complementary statistical analyses of the water quality data were conducted using MINITAB and MS Excel software, including log-normal probability plots, Anderson-Darling (AD) p test for normality, group box plots, paired line plots, time series plots, and Mann-Whitney comparison tests (or the paired sign test for metals due to large fractions of non-detected observations). Table 12 lists the output obtained using MINITAB for nonparametric Mann-Whitney comparisons between paired data. Except for the bacteria and COD results for the cistern site, as noted previously, all paired sample sets did not indicate significant differences for these numbers of samples at the 0.05 level for the numbers of sample pairs available. Table 13 lists the results for the paired sign test (used because of numerous non-detected values) for lead, copper and zinc observations for the cistern and dry well samples. No statistically significant differences were seen between the sample sets for the heavy metals for the numbers of samples available.
Statistical analyses indicated that the differences in water quality between the shallow and the deeper samples were not significant for the number of sample pairs available (p-values were > 0.05). However, significant differences were found (p < 0.05) between the quality of inflow samples and cistern samples for total coliforms (possible re-growth), E. coli, and COD (concentration reductions). More samples would enable the identification of significant differences at smaller differences in concentrations. During this research, the minimum detected significant differences (for 95% confidence and 80% power) are quite large (>50%) for most of the constituents and locations, while the actual observed differences were small (<50%).
These findings indicate that the dry wells do not significantly change the water quality for most of the stormwater constituents. If the influent water quality is good, the dry wells can be a safe disposal method for stormwater. However, most of the bacteria and lead concentrations exceeded the groundwater disposal criteria for New Jersey and may require treatment if the aquifer is critical. Figure 8 is a map showing the general infiltration rate conditions for Millburn, as monitored during this project. Most of the monitored dry wells were along a ridge between the two main drainages of the township, with no obvious pattern of high water conditions, except that the high standing water dry wells were located along a line to the southwest along the ridge and are located fairly close to the headwaters of streams. (High water tables were noted in areas with nearby streams, but that was assumed to be in the larger stream valleys and not at the headwaters).
Standing Water Conditions in Monitored Dry Wells
The sites that had high standing water long after the events ended had substantially reduced infiltration rates. In the analyses, these rates were considered to be the constant (final) rates observed, with no initial rate data or first order decay Horton coefficients used (relatively constant, but very low infiltration rates). Three of the sites had severely degraded infiltration conditions (260 Hartshorn Drive, 87/89 Tennyson Drive, and 7 Fox Hill Place). These sites all received runoff from the entire property or from multiple impervious areas (and are 1 y to 5 y old). It is not known if the source water or groundwater conditions affected the drainage conditions at these sites. Dry wells receiving runoff from all impervious areas would have a greater silt load and likely clog prematurely compared to sites only receiving roof runoff.
Even sites having surface C and D soils (not acceptable infiltration sites according to the New Jersey dry well standards) had much better subsurface conditions where the dry wells were located than were the surface conditions. The infiltration rates for these conditions were less than for the excellent areas having A Reference evapotranspiration (ET) rates for the Millburn area range from about 0.4 mm/day (0.015 in./day) during January to about 4 mm/h (0.16 in./h) during May through July. The period of maximum ET also corresponds to the period of maximum rainfall in the area, reducing the need for irrigation (and also the sizes of long term water storage tanks). Therefore, the beneficial use of roof runoff for irrigation is limited if it is used only to meet the irrigation demand. However, irrigation can also be used as a stormwater management option with excess water being used to recharge the shallow groundwater and to meet the increased moisture needs of some heavily watered lawns (such as common Kentucky Bluegrass).
Conclusions
Dry wells may be a preferred option in cases that are allowed by the New Jersey dry well disposal regulations for stormwater (NJDEP 2004) which limits their use to areas having excellent soils (HSG A or B) , where the groundwater table is below the dry well system (to prevent standing water in the dry wells and very slow infiltration), and to only receive roof runoff water (generally the best quality runoff from a site and not contaminated with deicing salts). However, the beneficial uses of roof runoff should be the preferred option, and in many cases may be less costly, especially considering increasing water utility rates and the desire to conserve highly treated domestic water supplies. Shallow groundwater recharge may be an important objective for an area, but over-irrigation (beyond the plants evapotranspiration, ET, deficit needs, but less than would produce direct runoff ) would also contribute to that objective, at the same time as conserving water and offering better groundwater protection.
Rain gardens are another viable alternative for stormwater management in the Millburn area, especially as they provide some groundwater quality protection and can be incorporated into the landscaping plan of the site. They likely require additional maintenance; similar to any garden, but they can be placed to receive runoff from several of the source areas on a site, increasing the overall stormwater management level. They have even been incorporated along roads, as curb-cut biofilters, resulting in significant overall runoff volume reductions (but with special care to prevent premature clogging, reduced salt discharges, and appropriately sized to handle the large flow volumes).
Alternative stormwater options should be used when dry well use should be restricted, such as with the following conditions:
· poor infiltration capacity of subsurface soil layers; · concerns about premature clogging or other failures due to sediment; discharges or snowmelt discharges to dry wells; · seasonal or permanent high water tables; and, · concerns about groundwater contamination potential.
